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The comparison of samples with different number of charged leptons 
shows that trilepton signals are the most significant ones for seesaw medi- 
ators. As previously pointed out, this is indeed the case for scalar A (type 
II) and fermion S (type III) triplets at LHC, which can be discovered in 
this channel for masses up to 500 — 700 GeV and an integrated luminosity 
of 30 fb~^; whereas fermion singlets N (type I) are marginally observable if 
there are no further new physics near the TeV scale. However, if there are 
new gauge interactions at this scale coupling to right-handed neutrinos, as 
in left-right models, heavy neutrinos are observable up to masses 2 TeV 
for new gauge boson masses up to ~ 4 TeV, as we discuss in some detail. 

PACS numbers: 14.60.St, 13.35.Hb, 14.60.Pq, 13.15.+g 

1. Introduction 

Large hadron colliders can not directly test light neutrino masses because 
the energies they probe are of order of several hundreds of GeV, and then 
much larger than rui, ~ 0.1 eV. However, they can be sensitive to them in 
definite models (see, for instance, [1]). In particular, they can produce the 
seesaw messengers generating the observed neutrino masses, if they have a 
mass near the electroweak scale v ~ 246 GeV. 

The type I seesaw mechanism [2] invokes very heavy neutrino singlets 
N slightly mixed with the Standard Model (SM) lepton doublets in order 
to explain the tiny neutrino masses observed in neutrino oscillation exper- 
iments. Their leading effects at low energy can be described by the lepton 
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Fig. 1. Tree level seesaw mechanisms. 

number violating (LNV) effective operator of dimension 5 resulting from the 
heavy neutrino integration [3] (see Ref. [4] for notation and definitions) 

— O5 = "^^^ ^ XT ■ 

However, this operator can be also generated by the tree-level exchange of 
scalar A (type II seesaw) [5] and fermion S (type III seesaw) [6] triplets. 
In Fig. [U we gather the corresponding diagrams and the coefficients of 
the dimension 5 effective operator a^/h. resulting from the heavy particle 
integration. In order to reproduce the observed neutrino masses, rriy ~ 
(q:5/A)t;^/2, the effective coupling 05 must be quite small, of the order of 
10-12 if the seesaw mediator has a mass M = A near the electroweak scale 
(to be eventually at the LHC reach). This implies an effectively small lepton 
number violation at low energy: rather small A and/or (in the scalar case), 
and/or a large cancellation between different contributions. (See for further 
discussion and references [7,8].) 

If seesaw messengers are produced and detected at LHC, the mechanism 
for neutrino mass generation will be unveiled. The LHC discovery poten- 
tial for seesaw mediators has been studied in detail for the minimal type I 
seesaw [9], as well as for extra charged [10,11] and neutral gauge interac- 
tions [12]; whereas simulations for type II seesaw have been performed in 
Ref. [13], and for type III in Refs. [13-15]. (Parton-level calculations can 
be found in Refs. [16-19].) In general seesaw messenger production results 
in multilepton signals, with the significance of each final state depending 
not only on the signal cross section but also on its SM backgrounds. At 
this point, it is important to emphasize that there is no new physics pro- 
cess which is background free, even if it violates lepton number or fiavour. 
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For example, within the SM a final state with two charged leptons of the 
same-sign can be produced in association with two neutrinos balancing the 
total lepton number plus extra jets, as required by charge conservation. For 
instance, 

uu W+W+dd i+u£+udd , (2) 

with i = e, ji. If the neutrinos have small transverse momenta their presence 
(via an observable missing energy pr ) is unnoticed, and the process appar- 
ently violates lepton number. The same can be said about lepton flavour 
violating (LFV) final states, which can be mimicked by SM processes involv- 
ing opposite-charge W bosons. Apparently LNV backgrounds can be also 
produced if one charged lepton is missed by the detector, for example, in WZ 
production with the lepton of different charge from Z decay undetected. A 
third, less trivial example is tt production with t decaying semileptonically, 

qq,gg ^ tt ^ W+bW~b ^ jjb£~i?b, (3) 

and b giving an isolated charged lepton, or viceversa. There is some small 
probability that charged leptons from b — > cii' decays have sizeable trans- 
verse momenta and small energy depositions in their vicinity, being not 
possible to effectively distinguish them in such a case from a charged lepton 
resulting from W ox Z decay, except for their typically smaller transverse 
momenta. Since the tt cross section is so large, this process is a sizeable 
source of same-sign dileptons, being the dominant background in most cases. 
This makes compulsory to properly take it into account in the simulation. 
A more detailed and enlightening discussion about how these backgrounds 
arise can be found in Refs. [9,20]. 

As a general rule, it can be said that LNV signals, for instance same- 
sign dileptons have much smaller backgrounds than lepton number 
conserving (LNC) signals with equal number of charged leptons, in this case 
£~^£~. (Signals which conserve lepton but violate flavour number, such as 
i~^£'~ , have backgrounds of intermediate size.) But this does not apply when 
comparing signals and backgrounds with different charged lepton multiplic- 
ities, e.g., £^£^, £^£^£^ and £~^£~^£~£~, as follows from simple arguments 
and it is confirmed by detailed simulations. 

In next section we show with some examples why trilepton signals are 
the best suited ones for discovery of type II and type III seesaw messengers, 
as well as of type I if heavy neutrinos couple to a new Z' boson. This is due 
to their good sensitivity, the best one in most cases, for all seesaw models. 
(This broad sensitivity in turn implies that the observation or not of other 

^ Note that isolation criteria for electrons and muons must be relaxed at LHC exper- 
iments, allowing for a small amount of "calorimeter noise" in order to keep a good 
acceptance for leptons from W, Z decays. 
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signals such as same-sign dileptons or four lepton final states is crucial to 
discriminate between models.) In Section [3] we study multilepton signals 
from single heavy neutrino production in left-right (LR) models [21], in the 
large parameter space region where heavy neutrinos predominantly decay 
into SM bosons IW /vZ /vH . This process has not been previously 
studied in the literature, which focuses on the region where the three-body 
decay — > IW^ — > Ijj and dilepton final states dominate [10, 11]. 

2. Trilepton versus same-sign dilepton signals and backgrounds 

Dilepton and trilepton signals can appear in a variety of production 
processes involving seesaw messengers. In type I seesaw we can have single 
N production 

qq' ^W* /W ^ e+N , (4) 

with either a LNC decay ^ or a LNV one l+W . The 

subsequent W boson decay results in only two leptons for W qq' or three 
for W ^ iv. N pair production is also possible if the heavy neutrinos couple 
to a new Z' boson, 

qq^ Z' ^ NN , (5) 

with NN i^W^e^W^ (LNC) or A^A^ ^ i^W^ l^W^ (LNV). The 
fully hadronic decay WW — > qq'qq' gives dilepton signals; whereas if one W 
decays leptonically, three charged leptons are produced. In type II seesaw 
the processes 

qq^ Z* ^ A++A— Itltlsli , 

qq' -^W* ^ A++A- ^ iflt^a^ ' (6) 

with li = e, /i, r, produce up to four charged leptons £ = e, ^. Finally, in 
type III seesaw we have, for example, 

qq' -^W* ^ E+N , (7) 

with E+ e+Z/£+H and A^ I'W+J+W- as in type I seesaw, and the 
subsequent decays of Z, H — > qq', vv and W into hadrons or leptons. In 
order to understand the relative significance and relevance of the different 
multilepton signals, several points have to be kept in mind: 

First. Not all seesaw models involve heavy Majorana states and large 
lepton number violation. In particular, inverse type I, III seesaw models [7, 
14,22] involve quasi-Dirac heavy neutrinos which in the processes in Eqs. ([Ij), 
JS]) and ((7|) do not produce final states with same-sign dileptons and no 
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missing energy, but only opposite-sign ones. Still, trilepton signals do not 
require LNV neutrino decays l'^W~ , and are always present. 

Second. In some cases, the branching ratio into three leptons is larger 
than into two same-sign leptons. For instance, in Z' NN 

112 6 
Biii^e^e^) ~-x-x-x-x2~ 0.074 , 
2 2 9 9 

11 6 6 

BiU^e^) ~-x-x2x-x-~ 0.055 . (8) 
4 4 9 9 ^ 

Scalar triplet production and decay provides another example. In the light 
neutrino inverted mass hierarchy the —>■ ifl^^ liVj decays have 

approximate branching ratios 

Br(£+£+) ~ Br(^+i/^) ~ 0.65 , 

Br(£+r+) ~ 2Br(£+i/^) ~ 2Br(r+i^£) ~ 0.25, 

Br(r+r+) ~ Br(r+i/^) ~ 0.1 . (9) 

(For studies of the dependence of these branching ratios on neutrino mixing 
parameters and the determination of neutrino data from collider observables 
see Refs. [23].) Then, with a simple counting we obtain 

^ l-^i-^rr) ~ 0.65 X 0.65 ~ 0.42 , 
^ ^^^^t^) ~ 0.65 X 0.25 X 2 ~ 0.32 , 
^ l^i^) ~ 0.65 X 0.1 X 2 ~ 0.13 , 
^±^±^T) ^ Q 65 X (0.65 + 0.12) ~ 0.5 , 
I'^i^) ~ 0.65 X (0.125 + 0.1) ~ 0.14 , (10) 

showing that trilepton final states dominate over four lepton and same-sign 
dilepton ones. For the normal hierarchy the trend is the same, also when 
secondary leptons from r decays are included and simple event selection 
criteria imposed [13]. 

Third. Even in processes where the branching ratio for l^i^P^ is smaller 
than for l^l^ final states, as for instance in minimal type III seesaw (Eq. (I?])), 
the larger backgrounds in the latter case require more stringent cuts to re- 
duce them making up for the difference in the signal cross sections. In 
order to illustrate these statements numerically, we collect in Table [1] the 
number of same-sign dilepton and trilepton events evaluated with a fast 
detector simulation, and after typical selection cuts to enhance the signal 
significance for the processes in Eqs. ((5|) and For comparison, we show 
both the Majorana and Dirac lepton triplet (labelled Sm and Sd, respec- 
tively) signals, as well as the type I seesaw ones with an extra Z' and a 



Br(A++A— 
Br(A++A-- 
Br(A++A-- 
Br(A±^A^ - 
Br(A±±A^ - 
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Majorana or Dirac heavy neutrino (labelled Z'-^Nm and Z'^Njy). We assume 
'mE,N = 300 GeV and M^/^ = 650 GeV. It is apparent that for these cuts 
same-sign dilepton and trilepton backgrounds are quite similar, altough their 
relative size depends on the cuts applied. In particular, we observe that 
the main background for same-sign dileptons (trileptons) comes from the 
semileptonic (dileptonic) channel in tt production, when a b quark gives an 
isolated charged lepton. As it has been already stressed in the introduction, 
the fact that a signal violates lepton number does not automatically guaran- 
tee the absence of SM backgrounds, nor imply that its background is much 
smaller than those for other LNC signals with more charged leptons. We 
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12 



Table 1. Number of events in the £^£^ and £^£^£^ final states for some signals 
and their main backgrounds and a luminosity of 30 fb~^, from Ref. [15]. 

can also observe that, as indicated above, in models with heavy Dirac neu- 
trinos same-sign dileptons are practically absent, but trilepton signals are a 
factor of two larger than in the Majorana case. In next section we compare 
dilepton and trilepton final state production for the process mediated by the 
extra charged boson Wr of a LR model in Eq. 



3. Heavy neutrino production in left-right models at LHC 

Electroweak precision data constrain heavy neutrino singlets to mix little 
with SM leptons, \VeN {^lN)\ < 0.05 (0.03) [24] , El making them difficult to 
observe at LHC [9]. In models with extra Z' bosons heavy neutrino pair pro- 
duction is possible, leading to dilepton and trilepton signals as shown in the 
previous section. An alternative widely studied is the LR model, extending 
the SM gauge symmetry SU{2)l x U{1)y to SU{2)l x SU{2)r x U{1)b-l 
and its matter content to include right-handed neutrinos [21]. Heavy neu- 
trinos can then be produced by Wr exchange with a relatively large cross 



This new limit is derived including the CKM constraint, and recent data. 
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section, as in Eq. without any mixing suppresion. The cross section, as- 
suming qr = ql and only one neutrino lighter than the Wr boson, is plotted 
in Fig. [2] (left). Available studies of the LHC reach for this process [10, 11] 




Fig. 2. Left: pp Wr IN cross section at LHC. Right: N decay branching 
ratio to and SM bosons (see the text). 

assume that only has a three-body decay ~^ hj- However, 

this may not be the dominant mode for a relatively large range of LR model 
parameters. As a matter of fact, A^ can mainly decay into IW, vZ, uH if 
Vim or/and the W — Wr mixing swWr are sizeable, of order 10~^ or larger. 
The corresponding leptonic charged currents read 

J- ^ {wZ^nL + ViMN^rh) + ^awWuN^l^'lR , (11) 

where we only keep the leading terms in the small mixings and omit the 
flavour indices; and similarly for neutral currents. One can define the branch- 
ing ratio 

T{N ^ IW^^ljj) 
~ F(A^ ^ IW^ Ijj) + T{N IW, uZ, uH) ' 

4 5 

T(N ^ IW% ^ Ijj) c^Nc , , (13) 



with 
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where we neglect quark masses and sum both lepton channels r(A^ — > 
l+W^*) = T{N l-W^*); whereas 



and anagolously for vZ, uH decays. In Fig. [2] (right) we draw the curves 
for constant Br/j = 1/2 in the Mw^ — ruN plane, which depend on the 
value of |ViArp + s^,^,^. The curve corresponding to the present bound on 
\VeN\ < 0.05 (for swWn = 0) is in the miy > upper-half out of the 

figure. For a given value of | V;Ar|^ the region on the left of the curve 

corresponds to Br/j > 1/2, where decays start to dominate. 

The scenario with Btr ~ 1 has been widely studied, and we present in 
Fig. [3] (left) the limits obtained in Ref. [11], assuming a 100 % branching 
ratio into N Ijj. For the scenario with Br/j ~ we have performed a new 
simulation extending the generator Triada [13] with this process and using 
Alpgen [25] to generate the SM backgrounds. The parton shower Monte 
Carlo Pythia 6.4 [26] is used to add initial and final state radiation and pile- 
up, and perform hadronisation. The fast detector simulation AcerDET [27] 
is used to simulate a generic LHC detector. Analyses have been performed 
for different neutrino masses in steps of 100 GeV, using Wr masses of 2.5 
or 3 TeV, close to the limits obtained. The selection criteria (with small 
modifications at some points) are: 

£^£^(.^: three leptons, the same-sign pair with px > 30 GeV and the 
third one with pr > 10 GeV; invariant mass of opposite-sign pairs 
|m£+£- — Mz\ > 10 GeV; total invariant mass (adding the missing 
momentum) mtot > 1-5 TeV. 

£^£^: two same-sign leptons with px > 30 GeV; two jets with px > 20 
GeV; missing energy P't< 50 GeV; leading lepton with px > 400 GeV; 
mtot > 1.5 TeV. 

£^i^ : two opposite-sign leptons with px > 30 GeV and m£+£- > 500 
GeV; two jets with px > 20 GeV; leading lepton with px > 750 GeV 
and leading jet with px > 200 GeV; px < 50 GeV; mtot > 2.5 TeV. 

The limits for the dilepton and trilepton final state are presented in Fig. [3] 
(right), as well as their combination. We observe that same-sign dilepton and 
trilepton signals have very similar significances despite the larger branching 
ratio into the former. This is because dilepton backgrounds are also larger 
and the signal efficiency for mAr <C M^y^ with a highly boosted N is smaller 
in the dilepton channels, in which the charged lepton from N decay is often 
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Fig. 3. Left: Discovery limits for 30 fb~^ as a function of and toat, assuming 

that N only decays into l^W^ — > Ijj, from Ref. [11]. Right: The same, assuming 
that N decays into SM bosons. 

located inside the jets from W hadronic decay. The combination of all final 
states gives a discovery reach similar to the scenario with decaying 
dominantly into two jets. 
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